Background: Correct positioning of the mitotic spindle relative to the cleavage apparatus is crucial for successful mitosis. In budding yeast, the Adenomatous Polyposis Coli-related protein Kar9, yeast EB1, and Myo2, a type V myosin, mediate positioning of the mitotic spindle close to the septin-anchored cleavage apparatus at the bud neck. Results: We find that Kar9 is ubiquitylated and degraded by the proteasome. Ubiquitylation requires the ubiquitin-conjugating enzymes Ubc1 and Ubc4 and phosphorylation of Kar9 by yeast Cdk1. Importantly, Kar9 ubiquitylation and degradation depend on an intact cleavage apparatus. Kar9 is stabilized in septin mutant cells or cells lacking the bud neck formin Bnr1, but not in the bud formin Bni1 or the actomyosin ring. Transport of Kar9 to the bud neck by Myo2 is also required for Kar9 degradation. Abrogation of Kar9 phosphorylation and ubiquitylation increases interactions of astral microtubules (aMTs) with the bud neck and causes spindle mispositioning. Photoconversion experiments showed that Kar9 association with aMTs is stable. Conclusions: We propose that ubiquitylation controls interactions of aMTs with the cleavage apparatus through localized disassembly of Kar9 complexes.
Introduction
Interaction of astral microtubules (aMTs) with cytoskeletal elements at the cell cortex is crucial for the correct outcome of mitotic divisions in most animal cells. Astral microtubules are part of the spindle-dependent mechanism that induces formation of the cleavage apparatus as a cortical ring encircling the mitotic spindle [1, 2] . In this way, cytokinesis always cleaves the cell between separated chromosomes independent of the position of the spindle within the cell body. In addition, interactions of astral microtubules with cortical actin, as well as nonactin cortical factors, play a central role when spindle positioning becomes important, as in asymmetric cell divisions [3] . In this case, aMT-cortex interactions generate forces that align the spindle parallel to the cell polarity axis so that the aMT-induced cleavage apparatus bisects both separated chromosomes and polarized material. Therefore, by establishing and coordinating positions of the cleavage plane and the spindle, astral microtubules not only guarantee accurate chromosome segregation but also determine the outcome of division in terms of symmetry.
Formation of the cleavage apparatus and spindle positioning may be coupled processes, as observed during the strictly asymmetric division of the budding yeast Saccharomyces cerevisiae [4] . In this organism, the cytokinetic machinery assembles at the beginning of the cell cycle at the site of bud emergence (the bud neck) prior to spindle organization. A ring composed of septin GTPases [5] builds the scaffold for assembly of the cleavage apparatus. The latter consists of the contractile actomyosin ring, responsible for furrow ingression, and factors that organize the actin cytoskeleton and facilitate delivery of secretory vesicles and septum formation between daughters [6] . Actin organizers include the formin Bnr1, one of the two actin filament nucleators in budding yeast, the Bnr1-interacting proteins Bud6 and Hof1, and the SH3 domain protein Cyk3.
Besides its function in cytokinesis, the cleavage apparatus is required for correct positioning of the spindle during division of budding yeast cells [7] . Astral microtubules (termed cytoplasmic microtubules [cMTs] in budding yeast) interact with actin filaments (cables) organized by the formins Bnr1 and Bni1 at the bud neck and bud tip, respectively [8] . Interactions of cMTs with cortical actin cables and the cleavage apparatus are transient but occur repetitively, a mechanism that has been termed ''search and capture'' [9] . The result is the gradual alignment of the metaphase spindle perpendicular to the septin-actomyosin ring at the bud neck. The protein Kar9, which is functionally related to the mammalian tumor suppressor Adenomatous Polyposis Coli, mediates cMT-actin interactions [3, 10, 11] . Kar9 localizes to cMTs through its physical interaction with the microtubule-associated protein Bim1, the budding yeast EB1 homolog [12] . Kar9 also binds to the type V myosin motor Myo2 [10, 11, 13, 14] . Myo2 pulls the Kar9/Bim1 complex-and with it, cMTs, the spindle pole, and the nucleus-along Bnr1-and Bni1-nucleated actin cables toward the bud neck and the bud [14, 15] . Utilizing a mechanism that is not clearly understood, Kar9 is loaded only onto cMTs of one spindle pole, ensuring that only a single spindle pole is pulled by the Kar9 complex toward the bud [15] [16] [17] [18] . An additional factor that mediates capture of cMTs by the cleavage apparatus independent of Kar9 is the protein Bud6, but its exact function is not yet clear [19] [20] [21] . A second mechanism that drives spindle pulling and spindle elongation through the bud neck at anaphase involves the cytoplasmic dynein motor [22] [23] [24] [25] [26] . Dynein becomes essential for cell viability in the absence of Kar9 [27] .
Covalent modifications control Kar9 function. The major cyclin-dependent kinase of budding yeast, Cdc28, in complex with the mitotic cyclins Clb3 and Clb4, phosphorylates Kar9 in metaphase [15, 28] . Phosphorylation regulates asymmetric loading of Kar9 on cMTs that emanate from only one spindle pole. Abrogation of Cdc28-dependent Kar9 phosphorylation leads to symmetric localization of Kar9 on cMTs from both poles, resulting in the pulling of both poles toward the bud and spindle mispositioning [15, 18] . In addition, Kar9 is modified by SUMO, the small ubiquitin-related modifier [16, 29] .
Ubiquitin and SUMO can form covalently conjugated polymeric chains on proteins by the sequential action of three types of enzymes: E1 (activating enzyme), E2 (conjugating enzyme), and E3 (ligase) [30, 31] . Polyubiquitin chains formed via K48-or K11-linked ubiquitin moieties serve mostly as a signal for degradation by the multisubunit protease 26S proteasome, whereas K63-linked chains have a nonproteolytic function [32] . Interplay of phosphorylation with sumoylation and ubiquitylation conveys even higher versatility to the functional outcome of these modifications [33, 34] .
Ubiquitylation regulates microtubule dynamics through degradation of the microtubule-associated protein CLIP-170 at the cell tips of fission yeast [35] . Similarly, the ubiquitin ligase Phr1 regulates MT stability and neuronal axon outgrowth [36] . Evidence regarding the role of ubiquitylation in control of aMT interactions with the cleavage apparatus is limited [37] . We had previously shown that sumoylation and phosphorylation are two independent modifications required for Kar9 function in spindle alignment [16] . Now we show that Kar9 is ubiquitylated in vivo in a phosphorylation-dependent manner and that ubiquitylation targets Kar9 for proteasomal degradation. Importantly, degradation of Kar9 depends on an intact cleavage apparatus and on interaction of cMTs with actin cables. We therefore propose that localized degradation controls interaction of cMTs with the cleavage apparatus. In yeast, this likely occurs through disassembly of Kar9 complexes.
Results
Kar9 Is Ubiquitylated in a Ubc1-and Ubc4/5-Dependent Manner and Is Degraded by the Proteasome In Vivo In the course of a yeast two-hybrid screen, we identified a weak but reproducible interaction between Kar9 and the ubiquitin-conjugating enzymes Ubc1 and Ubc4 ( Figure 1A ). To examine whether Kar9 is among the pool of ubiquitylated proteins, we transiently overexpressed N-terminal hexahistidine-tagged ubiquitin (HIS-Ubi) in cells expressing functional, C-terminal TAP-tagged Kar9 (Kar9-TAP) and purified HIS-Ubi conjugates via Nickel affinity purification [38] . In western blots against the TAP tag, we indeed detected a pattern of Kar9 species with different electrophoretic mobilities ( Figure 1B) . The slower Kar9 species were absent after induction of a HIS-Ubi variant bearing a mutation that hinders formation of K48-linked ubiquitin chains specifically ( Figure 1B ). Therefore, we concluded that ubiquitin is conjugated to Kar9 in vivo, forming primarily K48-linked chains.
Next we asked whether Kar9 ubiquitylation depends on Ubc1 and Ubc4, which belong to the same E2 ''subfamily'' [39, 40] . We reasoned that Ubc1 could perform Kar9 ubiquitylation redundantly with Ubc4 and its homolog Ubc5 (Ubc4 and Ubc5 share over 90% sequence identity). To control expression of the essential UBC1 gene, we placed it under the control of the glucose-repressible GAL1-10 promoter. Kar9 was still ubiquitylated after single deactivation of each UBC gene (see Figures S1A and S1B available online). We reproducibly detected severe loss of Kar9 ubiquitylation only in P GAL -HA UBC1 ubc4D ubc5D triple mutant cells after UBC1 expression was shut off ( Figure 1C ; Figure S1B ). Loss of Kar9 ubiquitylation was not due to cell death (P GAL -HA UBC1 ubc4D ubc5D mutant cells arrest prior to anaphase and are inviable for longer periods in glucose), because cell viability even improved after HIS-Ubi induction and simultaneous Ubc1 depletion, whereas ubiquitylation of the control protein Nop1 [41] was reduced only after 4 hr ( Figure 1C ). In addition, Kar9 accumulated in cell extracts during the course of the experiment ( Figure 1C ), suggesting that Kar9 degradation was compromised. Kar9 ubiquitylation was also reduced in a cdc34-2 mutant that encodes a temperature-sensitive allele of the essential UBC3 gene and arrests prior to DNA replication ( Figure S1A ). However, Kar9 was ubiquitylated when cdc34-2 cells were allowed to enter S phase prior to cdc34-2 inactivation, indicating that Cdc34 does not act as an E2 for Kar9 and that ubiquitylation takes place after S phase entry. Therefore, we concluded that Ubc1 and Ubc4/ Ubc5 are responsible for Kar9 ubiquitylation in vivo.
To investigate whether Kar9 ubiquitylation has proteolytic function, we examined Kar9 turnover in cells defective in proteasomal function using cycloheximide (CHX) chase. In wildtype cells, fully phosphorylated Kar9 was relatively unstable with a half-life (t1/2) in the order of 60 min ( Figure 1D ; Figure 2A ; Table S1 ). Unphosphorylated Kar9-TAP also displayed fast turnover, whereas intermediate phosphoisoforms remained stable. In contrast, all Kar9 isoforms were fully stabilized in proteasome-defective cim3-1 and ump1D null cells [42, 43] ( Figure 1D ; Figure S1C ). Lastly, Kar9 was stabilized after Ubc1 depletion in P GAL -HA UBC1 ubc4D ubc5D mutant cells that arrest in metaphase, when Kar9 is present in its hyperphosphorylated state ( Figure 1D ). These data and the knowledge that polyubiquitin chains on Kar9 involve primarily K48 linkages known to target proteins for proteolysis let us conclude that Ubc1 and Ubc4/5 ubiquitylate and target Kar9 for proteasomal degradation.
Ubiquitylation and Degradation of Kar9 Depends on Cdc28/Clb3,4 Activity
We next wished to clarify the relationship between phosphorylation and degradation. The Kar9-AA variant, in which two Cdc28 consensus phosphorylation sites are mutated to alanines, was more stable than hyperphosphorylated Kar9 in CHX chase (t1/2 w200 min; Figure 2B ; Table S1 ). In cells bearing the cdc28-4 mutation or in cells deleted for both the CLB3 and the CLB4 cyclin genes, Cdc28-dependent Kar9 phosphorylation is undetectable ( Figure 2A ; [15] ). Unphosphorylated Kar9 was extremely stable in these strains ( Figure 2B ; Figure S1D ), even more stable than Kar9-AA. Why, then, is turnover of unphosphorylated Kar9 in wild-type cells high ( Figure 1D )? Most likely, Cdc28 converts unmodified Kar9 to other phosphoisoforms during the CHX chase. In contrast, hyperphosphorylated Kar9 seems to become degraded rather than converted to other isoforms, because the amount of hyperphosphorylated Kar9 remained constant during CHX chase in cim3-1 cells. Therefore, hyperphosphorylated Kar9 is most likely the unstable form. Of the two sites phosphorylated by Cdc28 [15] , Ser197 seems to be the most important for degradation, because the Kar9-197A variant was stabilized to a greater extent than variant Kar9-496A (Figures S1E and S1F; Table S2 ). These results suggest that Kar9 degradation depends on phosphorylation of Kar9 by the Cdc28/Clb3,4 complex and takes place in mitosis, when Clb3 and Clb4 accumulate. Indeed, Kar9 was stabilized in cells arrested in G1 with alpha factor or before S phase using the cdc34-2 mutation (Figures S1G and S1H).
Consistently, Cdc28/Clb3,4 activity was required for Kar9 ubiquitylation. In cdc28-4 and clb3D clb4D mutant cells, polyubiquitylation was severely reduced ( Figure 2C ). In contrast, Kar9 modification was unaffected in cells deleted for the genes encoding cyclins Clb5 and Clb6. Ubiquitylation of the Kar9-AA variant was still detectable (data not shown). Nevertheless, this variant is still phosphorylated to some extent by Cdc28 ( Figure 2B ), and another four Cdc28 consensus sites have been identified in the Kar9 sequence [28] ; moreover, Kar9-AA also interacts with Ubc1 and Ubc4 in the two-hybrid assay ( Figure 1A ). We concluded that phosphorylation of Kar9 by the Cdc28/Clb3,4 complex is followed by Ubc1/4/5-dependent ubiquitylation and degradation of Kar9 by the 26S proteasome.
Kar9 Ubiquitylation Requires an Intact Cleavage Apparatus
What is the function of Kar9 ubiquitylation in spindle positioning? In order to answer this question, we analyzed spindle positioning and cMT behavior when Kar9 ubiquitylation and degradation is abrogated. In wild-type cells expressing GFPtagged a-tubulin (GFP-Tub1), 1-2 mm metaphase spindles stably align along the mother-bud axis and are positioned close to the bud neck ( Figure 3A ). Metaphase spindles of Kar9-AA-expressing cells display rocking movements and fail to align with the mother-bud axis because of the symmetric presence of Kar9 on cMTs from both spindle poles [15] . Spindles in Ubc1-depleted ubc4D ubc5D P GAL -HA UBC1 cells were even more mispositioned ( Figure 3A ). Interestingly, (D) Kar9-TAP cycloheximide (CHX) chase: Kar9 is stabilized in the cim3-1 proteasome mutant cells and also after Ubc1 depletion in the absence of Ubc4 and Ubc5; note that only hyperphosphorylated Kar9 is unstable in wild-type cells and that Kar9 is hyperphosphorylated after UBC1 shutoff because of arrest of the cells in G2/M. However, hyperphosphorylated Kar9 is stable in these cells. See also Figure S1 and Table S1. proteasome mutant cells did not display severe spindle positioning defects, whereas heavy Kar9 overexpression by the GAL1-10 promoter often led to translocation of the entire spindle into the bud [10] .
We next analyzed time-lapse movies of cells that either expressed Kar9-AA or lacked Ubc1/4/5. In preanaphase wildtype cells, w40% of the visible cMTs contact the bud and w35% contact the bud neck ( Figure 3B ). As expected, in cells lacking the bud-tip-associated formin Bni1, cMT-bud interactions were reduced from 40% to 20%, whereas cMT-bud neck interactions increased from 35% to w60%. Cells expressing stable Kar9-AA, as well as Ubc1-depleted P GAL -HA UBC1 ubc4D ubc5D cells (that also suffer from various spindle abnormalities [Movie S1]), resembled the bni1D mutant. Thus, lack of Kar9 phosphorylation and ubiquitylation seemed to enhance the frequency of association of cMTs with the cleavage apparatus in preanaphase cells, consistent with the defects in spindle positioning of Ubc1-depleted P GAL -HA UBC1 ubc4D ubc5D cells and a previously noticed phenotype, namely the accumulation of Kar9-AA-YFP at the bud neck [15, 16] .
These observations led us to ask whether ubiquitylation and/or degradation of Kar9 take place at the bud neck. We examined in vivo ubiquitylation of Kar9-TAP in cells with temperature-sensitive mutations in genes encoding the septin GTPases, which build the scaffold for assembly of the cleavage apparatus at the bud neck. To exclude indirect effects that are due to activation of the actin checkpoint and inhibition of Cdc28 complexes by the kinase Swe1 (the budding yeast Wee1 homolog) in septin mutants [44] , we also examined Kar9 ubiquitylation in septin mutant strains that lacked Swe1 and were thus checkpoint defective. Interestingly, ubiquitylation of Kar9 was severely reduced in cdc12-6, cdc10D, and cdc3-1 septin mutant cells ( Figure 3C ; Figure S1I ), and, importantly, also in cdc12-6 swe1D double mutant cells ( Figure 3C ). Consistently, Kar9 degradation was also impaired in septin mutants ( Figure 3D ). In cdc12-6 cells, Kar9 phosphorylation was reduced and Kar9 was stabilized. In cdc12-6 swe1D double mutant cells with a deactivated actin checkpoint, Kar9 phosphorylation was restored to wild-type levels, but all Kar9 isoforms were still stable ( Figure 3D ), resembling the Kar9 pattern in proteasome mutants (compare cdc12-6 swe1D in Figure 3D with cim3-1 in Figure 1D ). Finally, Kar9 degradation in swe1D cells was even faster than in wildtype cells (Figure 3D ), possibly because of the higher activity of the Cdc28/Clb3,4 complexes in this mutant. Based on this evidence, we postulated that the septin ring is required for Kar9 ubiquitylation and subsequent degradation. We thus asked whether Ubc1 and Ubc4 localize at the bud neck. We examined cells expressing GFP-Ubc1 and GFP-Ubc4 at different levels under the control of the GAL1-10 promoter with spinning disc microscopy. Both fusion proteins localized in the nucleus and in the cytoplasm. However, because of the high cytosolic signal and even after deconvolution of confocal images, we could not clearly detect accumulation of either E2 at the bud neck, except occasionally for Ubc4 ( Figure S2A ).
Actin Cables Originating at the Bud Neck but Not the Actomyosin Ring Are Required for Kar9 Ubiquitylation Kar9-loaded cMTs interact with the cleavage apparatus at the bud neck and generate pulling forces required for spindle positioning [7] . We thus speculated that Kar9 ubiquitylation at the bud neck would regulate interactions of cMTs with the actinbased cleavage apparatus. We asked which components of Figure S1 and Table S1 . the cleavage apparatus were required for Kar9 ubiquitylation and degradation.
Disruption of the actomyosin contractile ring after depletion of the myosin II Myo1 [45] did not significantly stabilize Kar9 ( Figure 4A) . Interestingly, however, disruption of the budneck-specific formin Bnr1 [8] led to Kar9 stabilization similar to the cdc12-6 septin mutation. In bnr1D cells, phosphorylation of Kar9 was reduced and Kar9 was stabilized, whereas in bnr1D swe1D double mutant cells, phosphorylation was restored but hyperphosphorylated Kar9 remained stable ( Figure 4B ). In contrast, hyperphosphorylated Kar9 in bni1D cells was degraded with similar kinetics as in wild-type ( Figure 4B ), suggesting that Kar9 ubiquitylation specifically requires bud-neck-organized actin cables. Some degradation still occurs in bnr1D cells, possibly because Bni1 overtakes Bnr1 function. Thus, we concluded that Kar9 ubiquitylation and degradation depend on Bnr1-associated structures at the bud neck. We did not observe any significant effects on Kar9 turnover in bud6D cells. (Figure S1J ).
We reasoned that Myo2-dependent transport of Kar9 to the bud neck would also be required for Kar9 ubiquitylation and/or degradation. In myo2-16 mutant cells, cMTs do not interact with actin cables, and the spindle is mispositioned, similar to kar9D cells [14] . Turnover of the unstable, hyperphosphorylated Kar9 became clearly slower upon shift of myo2-16 cells to the restrictive temperature ( Figure 4C ). Thus, it seems that after Myo2 guides cMTs and Kar9 on Bnr1-nucleated actin cables to the cleavage apparatus, Kar9 becomes ubiquitylated and subsequently degraded.
Control of Kar9 Levels at the Cleavage Apparatus Is Required for Correct Spindle Positioning
In order to more deeply understand how phosphorylation and ubiquitylation regulate Kar9, we followed Kar9 dynamics on cMTs. We created a functional, green-to-red photoconvertible Kar9-EosFP fusion [46] , photoconverted Kar9-EosFP on the tip of a cMT, and followed red emission over the cell cycle (Figure 5A ; for a grayscale image, see Figure S2B ). From the stage of a small budded cell with an unformed spindle until the 1 mm spindle stage, cMT-associated Kar9 accumulated mainly in the vicinity of the bud neck. Only w8% of the time was the major signal of Kar9-EosFP(red) fluorescence found in the bud. cMTs could grow into the bud, past the site of Kar9 accumulation at the neck [46] , but the amount of Kar9 on these cMTs was mostly low ( Figure 5A ; Movie S2). After the metaphase spindle reached its final length and position, the main Kar9 spot entered the bud and moved to the bud tip, followed by anaphase mostly within the next 10 min (7 out of 7 cells). Thus, during preanaphase spindle positioning, Kar9-decorated cMTs interact mainly with the bud neck and not the bud, consistent with the role of the cleavage apparatus as a site of Kar9 regulation.
To our surprise, Kar9-EosFP(red) remained associated with growing and shrinking cMTs over the whole cell cycle (90 min), suggesting that dissociation of Kar9 from cMTs is very slow ( Figure 5A ; Movie S3). We confirmed this result following recovery of Kar9-GFP on cMTs after photobleaching ( Figure S2D ; [46] ). Taken together, these experiments strongly suggest that Kar9 remains stably associated with cMTs and that only a small fraction of Kar9 is degraded, consistent with the results of the CHX chase experiments.
We next performed the photoconversion of Kar9-AA-EosFP. In Kar9-AA-EosFP-expressing cells, the red background was high and the red signal was particularly strong, indicating that Kar9-AA-EosFP had accumulated. Spindle pole bodies (SPBs) often switched position relative to the bud neck because of the symmetric presence of Kar9 on cMTs emanating from both SPBs [15] . In addition, SPBs and cMTs persistently associated with Kar9 at the bud neck, often resulting in anaphase spindle elongation within the mother cell body and spindle mispositioning ( Figure 5B ; for a grayscale image, see Figure S2C ). We asked whether abrogation of Kar9 ubiquitylation would lead to the same phenotype, and we followed cells expressing GFP-Tub1 into anaphase ( Figure 5C ). Less than 20% of wild-type cells initiated anaphase in the mother cell (n = 62), whereas the frequency doubled to 40% for cells expressing Kar9-AA (n = 52). Cells lacking both UBC4 and UBC5 (ubc4D ubc5D cells [n = 54] or P GAL -HA UBC1 ubc4D ubc5D cells grown in galactose [n = 52]) mispositioned anaphase spindles with about the same frequency as wildtype cells. Importantly, depletion of Ubc1 in these cells led to anaphase spindle mispositioning in 60% of anaphases (n = 50). In conclusion, although Kar9 turnover is slow, localized ubiquitylation and degradation of Kar9 are required to destabilize interactions of cMTs with the cleavage apparatus. Abrogation of Kar9 phosphorylation or ubiquitylation leads to accumulation of Kar9 on cMTs, resulting in persistent interactions of cMTs with the cleavage apparatus and aberrant spindle positioning.
Discussion
Cdc28/Clb4 Activity and Ubc1, Ubc4/5 Are Required for Kar9 Ubiquitylation In Vivo We have shown here that Kar9 interacts with Ubc1 and Ubc4 in a two-hybrid system. Although Kar9 phosphorylation was required for degradation, the phosphorylation-deficient Kar9-AA variant interacted more strongly with Ubc1/4 in the twohybrid system; however, higher intracellular levels of stabilized Kar9-AA probably account for this discrepancy. We also show that Kar9 is modified by ubiquitin in vivo and that Kar9 is degraded by the proteasome. Ubiquitylation and degradation of Kar9 indeed required the activity of the Ubc1 and Ubc4/5 E2 enzymes. Formally, we cannot exclude that inactivation of Ubc1 and Ubc4/5 caused defects in the cleavage apparatus that resulted in loss of Kar9 ubiquitylation; however, this would very likely activate the actin checkpoint, leading to loss of Kar9 phosphorylation, an effect we did not observe. Ubc1, Ubc4, and Ubc5 seem to be involved in control of microtubulerelated processes, because their deactivation led to severe spindle defects. Therefore, we think that Kar9 is directly ubiquitylated by these ubiquitin-conjugating enzymes.
Only hyperphosphorylated Kar9 was efficiently degraded. Specifically, lack of Cdc28/Clb3,4-dependent phosphorylation strongly stabilized Kar9 in CHX chase experiments, whereas it also strongly reduced Kar9 ubiquitylation. However, ubiquitylation was not abrogated completely upon Cdc28/Clb3,4 inactivation. Most likely, residual phosphorylation of Kar9 by the other four Cdc28/cyclin B complexes is sufficient to support ubiquitylation. Similarly, the Kar9-AA variant that does not completely lack phosphorylation was also stabilized, whereas its ubiquitylation was still detectable. Nevertheless, cells expressing Kar9-AA display spindle positioning defects, and Kar9-AA often accumulates at the bud neck. Thus, it is likely that ubiquitylation of Kar9-AA is also compromised. Probably, CHX chase experiments sensitively detect changes in protein turnover and may be more suitable to assess Kar9 ubiquitylation than pull-down assays. Interestingly, phosphorylation at both Cdc28 consensus sites is required for Kar9 degradation, albeit to a different extent. The phosphorylated residues S197 and S496 reside at different Kar9 domains. Phosphorylation at S197 may downregulate the interaction of Kar9 with Stu2 [9] , whereas S496 phosphorylation probably reduces affinity of Kar9 to Bim1 [9] . Because loading of Kar9 on cMTs requires Bim1 and Stu2, phosphorylation and ubiquitylation may be coupled to dissociation of Kar9 from cMTs.
Ubiquitylation of Kar9
Regulates Interactions of cMTs with the Cleavage Apparatus Importantly, Kar9 ubiquitylation seems to control Kar9 function rather than bulk protein degradation. Although Kar9 is ubiquitylated and degraded by the proteasome, it is overall a stable protein, and Kar9 levels do not significantly fluctuate during the cell cycle [15] . Surprisingly, stabilization of Kar9 degradation in cim3-1 and ump1D mutant cells did not cause strong spindle positioning defects and did not affect Kar9 asymmetry or localization otherwise. Only massive overexpression of Kar9 from the GAL1-10 promoter caused translocation of spindles into the bud. Probably, residual degradation in cim3-1 and ump1D cells is enough to prevent extensive Kar9 accumulation. -6 swe1D) . The unstable, hyperphosphorylated Kar9 isoforms are stabilized in these cells. See also Figure S1 and Table S1 . Abrogation of phosphorylation and ubiquitylation had severe consequences in spindle positioning. Are these modifications always coupled or do they have also distinct functions? Uncoupling the function of phosphorylation and ubiquitylation is complicated by the fact that Kar9 is present in a number of phosphoisoforms, with only the hyperphosphorylated one or ones being unstable. We think that phosphorylation by Cdc28/Clb3,4 has two functions: first, it is important to control the loading of Kar9 onto spindle poles. Consistent with this, lack of Kar9 phosphorylation in Kar9-AA-expressing, clb3D clb4D or cdc28-4 cells leads to symmetric loading of the protein on cMTs from both spindle poles [15, 18] . This function is most likely independent of ubiquitylation and degradation, because neither cells lacking Ubc1/4/5 nor proteasome mutant cells or GFP-Kar9-overexpressing cells displayed such a phenotype (data not shown). Second, phosphorylation is required for Kar9 ubiquitylation and destabilization of cMT interactions with the bud neck, because Kar9-AA-expressing cells displayed increased frequency of cMT-bud neck interactions that caused spindle elongation within the mother cell ( Figure 5C ). In agreement with this idea, similar phenotypes were observed in cells lacking Ubc1/4/5. In these cells, metaphase spindle mispositioning, cMT contacts with the bud neck, and abnormal anaphase spindle elongation were frequent. All three phenotypes were more severe after depletion of Ubc1 and less evident in ubc4D ubc5D double null mutants. Thus, Ubc1 may play the main role in Kar9 degradation, and deletion of UBC4/5 could affect spindle positioning indirectly. These phenotypes suggest that ubiquitylation coupled to phosphorylation regulates cMT interactions with the bud neck. Does this also mean that Kar9 becomes hyperphosphorylated when it reaches the bud neck, prior to ubiquitylation? The answer is not clear. Phosphorylation abruptly decreases, followed by stabilization of the residual, hyperphosphorylated Kar9 (data not shown) after MT depolymerization by nocodazole. Thus, at least part of Kar9 may indeed become hyperphosphorylated at the bud neck (Figure 6 ), perhaps after activation of Cdc28 as a result of Swe1 degradation at this site [47] . However, MT depolymerization may displace Kar9 to the cytoplasm, and it also activates the spindle assembly checkpoint, which interferes with Kar9 function [15] and may influence Kar9 phosphorylation. Moreover, phosphorylation may also occur at the new SPB independently of cMTs and may prevent Kar9 loading to this SPB [15] . Nevertheless, stabilization of hyperphosphorylated Kar9 after MT depolymerization is compatible with the notion that ubiquitylation regulates cMT interactions with the bud neck.
The Cleavage Apparatus as a Landmark for Degradation and aMT Control
In support of this idea, we found that the major Kar9 accumulation during preanaphase spindle positioning occurs at the bud neck. In addition, septins were required for Kar9 ubiquitylation. Most importantly, neither the actomyosin contractile ring nor the bud-tip-enriched formin Bni1 were required for Kar9 degradation. Instead, Kar9 was stabilized in the absence of the bud-neck-associated formin Bnr1, indicating that ubiquitylation takes place in conjunction with Bnr1-associated structures at the bud neck. This data is consistent with findings showing that septins and Bnr1, but not the actomyosin ring, are important for Kar9-mediated cMT interactions with the cleavage apparatus [7] . As expected, Kar9 became stabilized in myo2-16 mutant cells in which transport of Kar9 to the bud neck is abrogated. This is reminiscent of the myosin V-mediated degradation of the microtubule-associated protein CLIP-170 at the cell tips of fission yeast or the Figure 6 . Model of Regulation of cMT Attachments by the Cleavage Apparatus during Spindle Positioning (A) During early spindle positioning, repeated cycles of cMT guidance to the cleavage apparatus (top) followed by detachment of cMTs from actin cables when cMTs reach the bud neck (bottom) bring the spindle close to the bud neck. Detachment of cMTs from actin cables occurs because of Kar9 degradation and disassembly of Kar9 complexes at the bud neck. In every cycle, only a small proportion of cMTbound Kar9 is degraded, because only Kar9 that assembles into active cMT-guiding complexes reaches the bud neck. (B) Hypothetical order of events for Kar9/cMT regulation. cMTs are guided by the Kar9 complex along Bnr1-nucleated actin cables toward the cleavage apparatus at the bud neck (1) . At the bud neck, Cdc28 may be activated, leading to Kar9 phosphorylation, dissociation of Kar9 from cMTs, and Ubc1/4-dependent ubiquitylation (2) . The last step is proteasomal degradation of Kar9 and dissociation of the Kar9/Myo2 complex (3).
proposed degradation of organelle receptors after Myo2-driven organelle transport into the bud, i.e., the vacuole receptor Vac17 [35, 48] . We thus think that ubiquitylation of Kar9 may serve to disassemble Kar9/Myo2 complexes and dissociate Myo2 from its cargoes, which, in this case, are the cMTs. This leads to destabilization of cMT interactions with the cleavage apparatus. Why would the cell need such a regulatory mechanism? Disruption of interactions between aMTs and their attachment sites may rely on dynamic instability of the microtubule lattice [49] . However, aMT attachments during spindle positioning are robust enough to produce force that is able to displace the entire spindle with all associated structures. Thus, it is possible that additional, more drastic mechanisms are required to release cMTs from their attachment sites. We find that Kar9 remains associated with cMTs over a long time as these undergo catastrophe or polymerization, as shown by the photoconversion and fluorescence recovery after photobleaching analysis. Thus, ubiquitylation and degradation would be useful to eliminate Kar9 from cMTs. In support of this idea, expression of a Myo2-Bim1 fusion often leads to translocation of the entire spindle into the bud [50] , showing that neither dissociation of Myo2 from actin cables nor Bim1 dissociation from cMTs provide enough instability to the system. In addition, Kar9 is stabilized in bnr1D and myo2-16 cells, suggesting that Kar9 degradation requires intact actin cables and the formation of Myo2/Kar9 complexes. This would have the advantage of limiting Kar9 degradation only to productive attachments that generate force and would explain why only a small proportion of Kar9 is degraded.
Why should cMTs be destabilized at the bud neck and not in the bud? We show here that Kar9-loaded cMTs spend only a minor fraction of G2/M in the bud. In addition, there was remarkable correlation between entry into anaphase and switch of Kar9 accumulation from the vicinity of the cleavage apparatus to the tips of cMTs in the bud. We think that destabilization of Kar9/Myo2 complexes at the bud neck is part of cMT attachment/detachment cycles required to bring the nucleus close to the bud until metaphase (Figure 6 ). With the onset of anaphase, this cycle seizes, and cMTs entering the bud are captured by cortical dynein that takes over the generation of pulling forces [22] .
Microtubules exert an inhibitory effect on the actin cytoskeleton [51] . It has been proposed that the cleavage apparatus in higher eukaryotic cells forms at cortical sites where the aMT density at the cortex is low [52] . Our results suggest that the cleavage apparatus may destabilize aMTs. Destabilization of aMT attachments by the cleavage apparatus may be part of a feedback mechanism that reinforces assembly of the cytokinetic machinery. Ubiquitylation is required for contraction of the actomyosin ring [53, 54] , and APC/cyclosome-and proteasome-dependent proteolysis control the timing of spindle displacement in worms [55] . Thus, localized ubiquitylation at the cleavage apparatus may help to coordinate cytoskeletal events in space and time.
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